






Qimin Quan1* and Yiying Zhang2*
1 Rowland Institute at Harvard University, Cambridge, MA, USA
2 Geriatric Anesthesia Research Unit, Department of Anesthesia, Critical Care and Pain Medicine, Massachusetts General Hospital and Harvard
Medical School, Charlestown, MA, USA
* Corresponding author(s) E-mail: quan@rowland.harvard.edu, yzhang37@mgh.harvard.edu
Received 28 October 2014; Accepted 02 March 2015
DOI: 10.5772/60518
© 2015 The Author(s). Licensee InTech. This is an open access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.
Abstract
Recently developed lab-on-a-chip technologies integrate
multiple traditional assays on a single chip with higher
sensitivity, faster assay time, and more streamlined sample
operation. We discuss the prospects of the lab-on-a-tip
platform, where assays can be integrated on a miniaturized
tip for in situ and in vivo analysis. It will resolve some of the
limitations of available lab-on-a-chip platforms and enable
next generation multifunctional in vivo sensors, as well as
analytical techniques at the single cell or even sub-cellular
levels.
Keywords Lab-on-a-tip (LOT), Nanotechnology, Biosen‐
sor, Endoscopy, Single cell analysis
1. Introduction
Biochemical and immunological assays have been the
major analytical methods in biological research, clinical
diagnostics, and the drug and food industries. Recently
developed lab-on-a-chip (LOC) technologies brought the
traditional assays to a higher level of integration, leading
to more streamlined processing. They also yielded im‐
proved sensitivity and faster assay time by speeding up the
chemical reaction and physical processes (thermo-cycling
and diffusion) in a confined miniaturized space. As
extensive research has already been focused on LOC
platforms [1 - 4], this perspective aims to present the
prospects for a complementary platform — lab-on-a-tip
(LOT) — that integrates one or several laboratory functions
on a single miniaturized tip. Although the assays could be
performed by optical, electrical, or mechanical means, we
will focus our discussions on optical measurements in this
article. Early examples of LOT platforms include fibre optic
intracranial pressure sensors, thermometers, and endo‐
scopes. However, LOT devices are at an early stage —
devices are typically mono-functional, fabrication methods
are not standardized, and most devices are macroscopic.
We envision more comprehensive lab functions to be
integrated on LOT (Fig. 1). In particular, devices will
measure multiple physical and chemical properties
(parallel integration), and will integrate imaging, diagnos‐
tics, and therapeutic functions (vertical integration). We
also anticipate novel and scalable LOT fabrication techni‐
ques will be developed and standardized, and further
development of nano-LOT devices will enable new
research at single cell or sub-cellular levels.
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2. Multifunctional LOT devices
The great success of fibre optic technology in the telecom‐
munication industry led to the development of their
applications in the biomedical and pharmaceutical indus‐
tries. Optical fibres offer natural "lab-on-a-tip" operation,
and were extensively developed during 1980s and 1990s
[5]. The fibre optic intracranial pressure sensor is one of the
earliest developed LOT devices. It is used in continuously
monitoring the intracranial pressure of head trauma
patients, and works by sending light to the tip of the fibre
where it is reflected back from a diaphragm that deflects
with external pressure. Non-optical piezo-resistive or
capacitive transducers also exist, but they suffer from the
risk of electrical-shock hazard and long-term drifts, while
fibre optic intracranial pressure sensors are electrical shock
hazard free. They are also small, flexible, and have long-
term reliability. First commercialized by Camino Labs in
the 1980s, fibre optic intracranial pressure sensors are now
widely used in diagnosing potential elevation of intracra‐
nial pressure and monitoring its progression in the clinical
neurological examination.
Another LOT success is the fibre optic thermometer used
in hyperthermia therapy, which is used to kill cancer cells
or to make cancer cells more sensitive to radiation therapy
by exposing body tissue to a slightly higher temperature.
The temperature of the tissue is controlled by the applica‐
tion of microwave or radiofrequency radiation, and must
be precisely monitored. Fibre optic thermometers offer the
unique advantages of natural electrical isolation and
freedom from electromagnetic interference. Different
measurement modalities exist [6], the most well-known
ones are temperature sensitive fluorescent phosphors and
GaAs crystals patterned on the fibre tip that provides
spectrum features sensitive to the temperature. It was first
commercialized by Luxtron Inc. in the 1980s, and subse‐
quently developed by many other companies.
Fibre optic biosensors were also used to measure physical
parameters such as pH, blood flow rate, blood oxygen
levels, radiation dosage, and biting force in dentistry. New
materials, especially metals and semiconductors have been
integrated into glass or polymer fibres to achieve optoelec‐
tronic properties [7]. Composite geometries, such as
photonic crystal fibres [8] and hollow core Bragg fibres [9],
have been developed. They have the advantage of guiding
light in their hollow cores, thus allowing high power
applications (e.g., laser surgery [10]).
One future development is likely to be the multifunctional
fibre optic sensors. An interesting analogy can be made
between fibre sensors in the medical industry and the drills
in the oil and gas industry. A large number of sensors are
equipped along the drill and perform comprehensive
measurement while drilling, including depth, pressure, gas
composition, resistivity, porosity, gamma ray, drilling
system orientation, and wellbore geometry [11]. We
envision more functions will be integrated into fibre optics
and catheters, and thus allowing for more powerful and
comprehensive monitoring during diagnostic or therapeu‐
tic operations. Since fibre optic sensors have much smaller
dimensions than drills, more powerful and scalable
techniques will need to be developed. Nanofabrication
techniques are already well developed for planarized
surfaces (such as chips and wafers), but much less so for
non-traditional surfaces. Several strategies are currently
being explored, including post-transfer chips onto fibres
[12, 13], and direct fabrication on fibre facets by focused ion
beam (FIB) [14] and electron beam lithography (ebeam)
[15]. Traditional fibre drawing techniques are also extend‐
ed to new materials, including metals, semiconductors, and
polymers [16].
3. Next generation of endoscopy
Endoscopy allows diagnostics inside the human body by
bringing an optical system in proximity to the tissues of
interest. It also revolutionized surgery, allowing minimally
invasive procedures to be performed inside the body.
Philipp Bozzini (1773–1809) was credited with the inven‐
tion of the first endoscope about 200 years ago, and Max
Nitze (1849–1906) was among the first to take endoscopic
operations inside the bladder. Since Basil Hirschowitz
(1925–2013) developed the first fibre optic endoscope,
many improvements were made, including using charge-
coupled devices (CCD) for imaging and rod-lens systems
to improve the quality of imaging. In 1997, optical coher‐
ence tomography (OCT) endoscopy demonstrated im‐
provement of imaging resolution from the previous 100 um
to 10 um with large penetration depth [17]. Subsequently,
two-photon and multi-photon imaging (MPM) [18, 19]
further improved the imaging resolution (~3 um), but they
have inferior penetration depth compared to OCT in
general. Optical frequency-domain imaging (OFDI) [20]
and more recently Doppler OFDI [21] improved the
imaging speed by several orders of magnitude over OCT.
Its deep penetration made it possible to image significantly
larger tumour volume than MPM. Furthermore, scanning
fibre wide-field fluorescence imaging [22] provides
information about fluorescent labelled molecules or auto-
fluorescent proteins. Coherent Raman scanning fibre
endoscopy [23] provides some chemical information, such
as CH2 or CH3 bonds, without labels. Efforts to combine
multiple imaging modalities that reveal both morphology
and molecular information are currently being actively
pursued. For example, recently developed OCT and
fluorescent imaging [24], OFDI and near-infrared fluores‐
cence imaging [25], provide both imaging and molecular
information.
For more than a hundred years, endoscopists have relied
on the visualization of the morphology of tissue with
subsequent biopsy procedure for immunological and
molecular diagnostics. The next generation endoscopy will
extend its capability from imaging to diagnostics and
therapy, which we call vertical integration. Fluorescent
labelling [24, 25] or other label-free biosensors can be
integrated to the endoscope and bring immunological and
molecular diagnostics in situ. Therapeutic capabilities can
be integrated as well. For example, gold nanoparticle
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photothermal therapy with near-infrared light [26] or
visible laser [27] has been demonstrated in mice model.
However, more controlled methods to provide irradiation
and alternative methods to enhance the in vivo delivery are
required [28]. The next generation endoscopy will integrate
high-resolution three-dimensional imaging, immunologi‐
cal and molecular diagnostics, and subsequently photo‐
thermal therapy with targeted delivery of nanoparticles on
the malignant cells.
4. Nano-LOT devices for single cell analysis
Most of our knowledge in biology so far has been based on
ensemble measurements on cells. Patch clamp technology
made it possible to record the currents of single ion
channels for the first time [29], for which Erwin Neher and
Bert Sakmann shared the Nobel Prize in Physiology or
Medicine in 1991. More recent development of nanoscale
patch clamp techniques made it possible to record single
ion channels at specific locations such as the presynaptic
terminal, when used in combination with super-resolution
(below optical diffraction limit) imaging techniques [30].
Electrophysiology measurement is also achieved with less
invasive systems, such as Pt nanowires pulled in glass
capillaries [31], carbon coated nanopipes [32], and free-
standing kinked nanowire transistor nanoprobes [33].
Other physical and chemical parameters of single cells can
also be measured with optical methods. In 1992, Tan et al.
fabricated a sub-micron fibre tip which was coated with
pH-sensitive fluorescent polymers to detect pH levels in a
rat embryo [34]. Vo-Dinh et al. further miniaturized the tip
and demonstrated detection of fluorescent molecules
inside single cells [35, 36]. Calcium level [37] and lactate
concentration [38] measurements were also demonstrated
by using fluorescent dyes coated on the fibre nanotips.
Raman spectra were measured inside single cells by coating
gold nanoparticles on the glass capillary tip in order to
enhance the Raman signals [39]. Recently, Hong et al.
measured the dynamics of intracellular p53 proteins using
a nano-fibre tip coated with a single gold nanoparticle [40],
extending its capability to detect non-fluorescent proteins
in single live cells. Other materials, for example carbon
nanotubes, have been used to deliver quantum dots into
cells [41], as well as to study the force and indentation depth
during cell penetration [42]. Boron nitride nanotubes were
also used to deliver quantum dots [43]. When the process
of inserting these nanotips into cells was studied using
confocal imaging [44], it was found that the dimension of
the tip is of critical importance: sub-100 nm dimension will
not damage the cell membrane or disturb the cellular
energetic system [45]. Nano-LOT devices offer opportuni‐
ties to study single cells and their biochemical compositions
at high spatial resolution, as well as their temporal response
to external stimuli in their natural living conditions [46]-
[48]. We envision that versatile nano-LOT devices will be
proposed and developed, and that more delicate structures
and sophisticated mechanisms will be invented for precise
monitoring and controlling at the single cell level.
Figure 1. Illustration of integrative LOT devices. I. Parallel integration. An optical fibre LOT that comprises multiple lab functions. Fluorescence detection
channel (1), carbon dioxide laser surgery channel (2), white light illumination channel (3), and pressure monitoring channel with a deformable membrane (4)
are present on the fibre tip. Other channels, e.g., temperature, pH, oxygen level, etc., can also be integrated along the fibre (5). II. Vertical integration. An
endoscope LOT that has two parallel channels: one for endoscopic imaging (1) and the other for molecular diagnostics and therapeutics (2). In the imaging
channel, lenses (3) and gratings (or microelectromechanical systems) can be used to steer the light. As suspicious malignant tissues (5) are identified, biologically
functional nanosensors (represented by yellow dots) can be injected from the diagnostic/therapeutic channel (2) to perform molecular diagnostics, followed
by subsequent in situ therapeutic operations (e.g., using gold nanoparticle photothermal therapy). III. Nanoscale LOT device. Nanosensors can be integrated
to LOT, and perform analysis at sub-cellular components inside the living cells: e.g., the optical fibre can be fabricated down to a nanoscale tip (1) and
nanosensors (2) can be integrated on its tip to perform nucleic acid or protein detection in the nucleus of the cell (3).
5. Summary
We reviewed the early development of LOT devices,
including fibre optic sensors, endoscopes, and more
recently developed nanoscale bioprobes. With the rapid
advance of nanotechnology, LOT devices will become
multi-functional, will integrate imaging, diagnostics, and
therapeutic capabilities, and will become more powerful in
analysing smaller biological components such as single
cells. LOT platforms will be a great complement to LOC
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platforms, and together they will offer comprehensive
analysis and control of biological systems both in vitro and
in vivo.
6. Conflict of Interest
The authors declare that there are no conflict of interest.
7. Acknowledgements
The authors thank helpful discussions with Michael Burns
and Howard Berg at Rowland Institute at Harvard Univer‐
sity.
8. References
[1] Whitesides, G. M. The origins and the future of
microfluidics. Nature 442, 368–373, doi:10.1038/
nature05058 (2006).
[2] Haeberle, S. and Zengerle, R. Microfluidic plat‐
forms for lab-on-a-chip applications. Lab on a chip 7,
1094–1110, doi:10.1039/b706364b (2007).
[3] Mark, D., Haeberle, S., Roth, G., von Stetten, F. and
Zengerle, R. Microfluidic lab-on-a-chip platforms:
requirements, characteristics and applications.
Chemical Society Reviews 39, 1153–1182, doi:10.1039/
b820557b (2010).
[4] Whitesides, G. The lab finally comes to the chip! Lab
on a chip 14, 3125–3126, doi:10.1039/c4lc90072c
(2014).
[5] Mignani, A. G. and Baldini, F. Biomedical sensors
using optical fibres. Rep Prog Phys 59, 1–28, doi:
10.1088/0034-4885/59/1/001 (1996).
[6] Rubio, M. F. J. C., Hernández, A. V., Salas, L. L. Fiber
Optics for Thermometry in Hyperthermia Therapy.
(2012).
[7] Abouraddy, A. F. et al. Towards multimaterial
multifunctional fibres that see, hear, sense and
communicate. Nature Materials 6, 336–347, doi:
10.1038/nmat1889 (2007).
[8] Russell, P. Photonic crystal fibers. Science 299, 358–
362, doi:10.1126/science.1079280 (2003).
[9] Temelkuran, B., Hart, S. D., Benoit, G., Joannopou‐
los, J. D. and Fink, Y. Wavelength-scalable hollow
optical fibres with large photonic bandgaps for CO2
laser transmission. Nature 420, 650–653, doi:10.1038/
nature01275 (2002).
[10] Ryan, R. W. et al. Application of a flexible CO2 laser
fiber for neurosurgery: laser-tissue interactions
Laboratory investigation. J Neurosurg 112, 434–443,
doi: 10.3171/2009.7. Jns09356 (2010).
[11] Dowell, I., Mills, A., Ridgway, M., Lora, M. Petrole‐
um Engineering Handbook, Volume II — Drilling
Engineering, Chapter 15 (ed R. F. Mitchell) (2006).
[12] Smythe, E. J., Dickey, M. D., Whitesides, G. M. and
Capasso, F. A technique to transfer metallic nano‐
scale patterns to small and non-planar surfaces.
ACS Nano 3, 59–65, doi:10.1021/nn800720r (2009).
[13] Lipomi, D. J. et al. Patterning the tips of optical fibers
with metallic nanostructures using nanoskiving.
Nano Lett 11, 632–636, doi:10.1021/nl103730g (2011).
[14] Lin, Y. B., Zou, Y. and Lindquist, R. G. A reflection-
based localized surface plasmon resonance fiber-
optic probe for biochemical sensing. Biomed Opt
Express 2, 478–484, doi: 10.1364/Boe.2.000478 (2011).
[15] Consales, M. et al. Lab-on-fiber technology: toward
multifunctional optical nanoprobes. ACS nano 6,
3163–3170, doi:10.1021/nn204953e (2012).
[16] Orf, N. D. et al. Fiber draw synthesis. P Natl Acad Sci
USA 108, 4743–4747, doi: 10.1073/pnas.1101160108
(2011).
[17] Tearney, G. J. et al. In vivo endoscopic optical biopsy
with optical coherence tomography. Science 276,
2037–2039 (1997).
[18] Brown, E. B. et al.In vivo measurement of gene
expression, angiogenesis and physiological func‐
tion in tumors using multiphoton laser scanning
microscopy. Nature Medicine 7, 864–868, doi:
10.1038/89997 (2001).
[19] Bird, D. and Gu, M. Two-photon fluorescence
endoscopy with a micro-optic scanning head. Opt
Lett 28, 1552–1554 (2003).
[20] Yun, S. H. et al. Comprehensive volumetric optical
microscopy in vivo. Nature medicine 12, 1429–1433,
doi:10.1038/nm1450 (2006).
[21] Vakoc, B. J. et al. Three-dimensional microscopy of
the tumor microenvironment in vivo using optical
frequency domain imaging. Nature medicine 15,
1219–1223, doi:10.1038/nm.1971 (2009).
[22] Lee, C. M., Engelbrecht, C. J., Soper, T. D., Helm‐
chen, F. and Seibel, E. J. Scanning fiber endoscopy
with highly flexible, 1 mm catheterscopes for wide-
field, full-color imaging. J Biophotonics 3, 385–407,
doi:10.1002/jbio.200900087 (2010).
[23] Saar, B. G., Johnston, R. S., Freudiger, C. W., Xie, X.
S. and Seibel, E. J. Coherent Raman scanning fiber
endoscopy. Opt Lett 36, 2396–2398 (2011).
[24] Mavadia, J., Xi, J. F., Chen, Y. P. and Li, X. D. An all-
fiber-optic endoscopy platform for simultaneous
OCT and fluorescence imaging. Biomed Opt Ex‐
press 3, 2851–2859 (2012).
[25] Yoo, H. et al. Intra-arterial catheter for simultaneous
microstructural and molecular imaging in vivo.
Nature medicine 17, 1680–1684, doi:10.1038/nm.2555
(2011).
[26] Hirsch, L. R. et al. Nanoshell-mediated near-
infrared thermal therapy of tumors under magnetic
resonance guidance. P Natl Acad Sci USA 100,
13549–13554, doi: 10.1073/pnas.2232479100 (2003).
[27] El-Sayed, I. H., Huang, X. H. and El-Sayed, M. A.
Selective laser photo-thermal therapy of epithelial
4 Nanobiomedicine, 2015, 2:3 | doi: 10.5772/60518
carcinoma using anti-EGFR antibody conjugated
gold nanoparticles. Cancer Lett 239, 129–135, doi:
10.1016/j.canlet.2005.07.035 (2006).
[28] Kennedy, L. C. et al. A New Era for Cancer Treat‐
ment: Gold-Nanoparticle-Mediated Thermal
Therapies. Small 7, 169–183, doi: 10.1002/smll.
201000134 (2011).
[29] Neher, E. and Sakmann, B. Single-channel currents
recorded from membrane of denervated frog
muscle fibres. Nature 260, 799–802 (1976).
[30] Novak, P. et al. Nanoscale-targeted patch-clamp
recordings of functional presynaptic ion channels.
Neuron 79, 1067–1077, doi:10.1016/j.neuron.
2013.07.012 (2013).
[31] Sun, P. et al. Nanoelectrochemistry of mammalian
cells. P Natl Acad Sci USA 105, 443–448, doi: 10.1073/
pnas.0711075105 (2008).
[32] Schrlau, M. G., Dun, N. J. and Bau, H. H. Cell
electrophysiology with carbon nanopipettes. ACS
nano 3, 563–568, doi:10.1021/nn800851d (2009).
[33] Qing, Q. et al. Free-standing kinked nanowire
transistor probes for targeted intracellular record‐
ing in three dimensions. Nat Nanotechnol 9, 142–147,
doi: 10.1038/Nnano.2013.273 (2014).
[34] Tan, W., Shi, Z. Y., Smith, S., Birnbaum, D. and
Kopelman, R. Submicrometer intracellular chemi‐
cal optical fiber sensors. Science 258, 778–781 (1992).
[35] Vo-Dinh, T., Alarie, J. P., Cullum, B. M. and Griffin,
G. D. Antibody-based nanoprobe for measurement
of a fluorescent analyte in a single cell. Nature
Biotechnology 18, 764–767, doi:10.1038/77337 (2000).
[36] Kasili, P. M., Song, J. M. and Vo-Dinh, T. Optical
sensor for the detection of caspase-9 activity in a
single cell. Journal of the American Chemical Society
126, 2799–2806, doi:10.1021/ja037388t (2004).
[37] Wang, S. Q. et al. Silver-coated near field optical
scanning microscope probes fabricated by silver
mirror reaction. Appl Phys B-Lasers O 92, 49–52, doi:
10.1007/s00340-008-3054-y (2008).
[38] Zheng, X. T., Yang, H. B. and Li, C. M. Optical
Detection of Single Cell Lactate Release for Cancer
Metabolic Analysis. Anal Chem 82, 5082–5087, doi:
10.1021/Ac100074n (2010).
[39] Vitol, E. A. et al. In situ intracellular spectroscopy
with surface enhanced Raman spectroscopy (SERS)-
enabled nanopipettes. ACS Nano 3, 3529–3536, doi:
10.1021/nn9010768 (2009).
[40] Hong, W., Liang, F., Schaak, D., Loncar, M. and
Quan, Q. Nanoscale Label-free Bioprobes to Detect
Intracellular Proteins in Single Living Cells. Sci
Rep 4, 6179, doi:10.1038/srep06179 (2014).
[41] Chen, X., Kis, A., Zettl, A. and Bertozzi, C. R. A cell
nanoinjector based on carbon nanotubes. P Natl
Acad Sci USA 104, 8218–8222, doi:10.1073/pnas.
0700567104 (2007).
[42] Vakarelski, I. U., Brown, S. C., Higashitani, K. and
Moudgil, B. M. Penetration of living cell membranes
with fortified carbon nanotube tips. Langmuir 23,
10893–10896, doi: 10.1021/La701878n (2007).
[43] Yum, K., Na, S., Xiang, Y., Wang, N. and Yu, M. F.
Mechanochemical delivery and dynamic tracking
of fluorescent quantum dots in the cytoplasm and
nucleus of living cells. Nano Lett 9, 2193–2198, doi:
10.1021/nl901047u (2009).
[44] Obataya, I., Nakamura, C., Han, S., Nakamura, N.
and Miyake, J. Nanoscale operation of a living cell
using an atomic force microscope with a nanonee‐
dle. Nano Lett 5, 27–30, doi: 10.1021/Nl0485399
(2005).
[45] Singhal, R. et al. Multifunctional carbon-nanotube
cellular endoscopes. Nat Nanotechnol 6, 57–64, doi:
10.1038/Nnano.2010.241 (2011).
[46] Yum, K., Wang, N. and Yu, M. F. Nanoneedle: a
multifunctional tool for biological studies in living
cells. Nanoscale 2, 363–372, doi:10.1039/b9nr00231f
(2010).
[47] Zheng, X. T. and Li, C. M. Single cell analysis at the
nanoscale. Chemical Society Reviews 41, 2061–2071,
doi: 10.1039/C1cs15265c (2012).
[48] Gao, Y. et al. One-dimensional nanoprobes for
single-cell studies. Nanomedicine (Lond) 9, 153–
168, doi:10.2217/nnm.13.196 (2014).
5Qimin Quan and Yiying Zhang:
Lab-on-a-Tip (LOT): Where Nanotechnology can Revolutionize Fibre Optics
